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Current chemical processes applied in the chemical industry are energy-consuming, 
demanding high temperatures and pressures to drive them. New ways of introducing 
energy to the system would lower energy consumption and allow more precise control of 
chemical reactions.1 Catalysis is a cornerstone of the chemical industry, and therefore 
increased efficiency in these processes significantly impacts the overall consumption of 
energy and other resources2. 
One of the suggested methods to reach this goal is plasmonic catalysis. This method 
takes advantage of localised surface plasmon resonance (LSPR), collective oscillation of 
charge carriers in nanostructures of a suitable conducting material. Thus, energy from the 
light can be concentrated in small structures and used to drive chemical transformations.3 
The unique optical features of metal nanoparticles have been utilised in glass-making 
already by Romans and first described scientifically by Faraday in 18574,5. However, their 
utility in catalysis has been shown less than 20 years ago6,7.  
Commonly used plasmonic materials are gold (Au) and silver (Ag). Recently, interest has 
grown in utilising other, widely available elements for materials in plasmonic 
applications.8,9 Besides being more abundant, these materials permit new advantages in 
cost, stability and ways to tune the properties.9,10 However, plasmonic materials are 
limited in their catalytic properties. Combining two parts, one with plasmonic properties 
and another with catalytical activity, has been studied to overcome this challenge.11 In 
this work, these catalysts are referred to as hybrid plasmonic catalysts. For clarity, 
these hybrid catalysts referred to in this work are denoted as C/P, where C is primarily 
catalytically active part, and P is the primarily plasmonic part. This notation might be 
different from the original published works.   
In the literature review part of the thesis, some fundamentals of heterogeneous catalysis, 
plasmonic phenomena and plasmonic catalysis are covered. Then, photocatalysts with 
earth-abundant materials are reviewed, ordered in sub-sections according to the 




nitride (Pd/TiN) catalyst is described. The work includes synthesis, characterisation and 
studies on the catalytical activity of the synthesised catalyst. Chemical reactions 
employed as model transformations in this work were phenylacetylene hydrogenation and 
ammonium borane dehydrogenation. The experimental work was conducted between 
June-December 2020 as a part of the group led by Professor Pedro Camargo at the 
Department of Chemistry at the University of Helsinki. 
 
2. Literature review 
 
2.1. Heterogeneous catalysis 
 
The International Union of Pure and Applied Chemistry (IUPAC) defines the catalyst as 
“a substance that increases the rate of a reaction without modifying the overall standard 
Gibbs energy change in the reaction” and does not change in the reaction12. A typical 
figure, often given in textbooks, is that over 80 % of chemical processes take advantage 
of catalysis at some point in the process.2,13 Catalysis plays an essential role in many 
industries, including food, chemicals, pharmaceutical and fuel production2.  
Typically, catalysis is divided into two branches: in homogenous catalysis, the catalyst is 
in the same phase as the reaction. In heterogeneous catalysis, the catalyst is in a different 
phase compared to the reactants and products.12 Heterogeneously catalysed chemical 
reaction proceeds via the adsorption of one or more species on the catalyst surface. 
Adsorption causes activation and a preferential pathway for the reaction that lowers the 
activation energy of the reaction step.14 The catalytic activity of a given structure is 
dependent of the available binding sites and crystal facets as well as electronical 
properties of the material13.  An advantage of heterogeneous catalysis that makes it 
preferred in the industry is the easy removal of catalyst from the reaction products15. 
However, changes in catalyst structure over time, such as sintering, decrease the catalyst 





2.2. Environmental considerations 
 
Catalysis has been recognised as a useful tool for green and environmental 
chemistry16,17. Plasmonic catalysis with earth-abundant materials contribute with many 
aspects to the more sustainable design of chemical processes. In this section, these 
aspects are reviewed, reflecting loosely on the 12 green chemistry principles developed 
by Anastas and Warner.16  
Plasmonic catalysis can improve selectivity and lower the overall amount of waste of the 
chemical reaction, and mitigate the formation of harmful by-products18,19. New pathways 
for the reaction can be possible compared to common catalytic systems. Utilising light 
can lower the temperature needed for the reaction and lower energy consumption.1 The 
use of sunlight to power the reaction would decrease the dependence on other, possibly 
limited energy sources20.  
Nano-sized catalytical structures lower the used amount and increase the effectiveness 
of the used material21. Solid catalysts are easy to separate from the liquid or gaseous 
reaction21,22 and are ideally reusable. Studies of catalyst recycling and long-time stability 
are often included in research on catalysts23,24.  Ideally, lower reaction temperatures used 
in plasmonic catalysis can increase the long-time stability of the catalyst and decrease 
sintering25. Long-term stability of catalysts is advantageous for lower consumption of the 
materials22, leading to economic and environmental efficiency.  
Resources of metals on earth are limited, and for sustainable use of the resources, 
abundant materials should be preferred relative to scarce ones16,22. However, a scarcity 
of a particular metal is not straightforward. It depends on if the consideration is based 
purely on the abundance of the metal in the earth’s crust, so-called absolute scarcity, or 
considered together with other factors that can cause changes in the metal availability in 
the future. These factors include current and expected extraction rates as well as 
geopolitical, economic, and environmental considerations.26–28 However, a deep 
understanding and examining these factors is not in the scope of this work. Instead, 




Many applications in catalysis utilise precious metals, and entirely avoiding their use is 
not reasonable. Scarce elements should be used sustainably, focusing on minimising the 
use and maximising the recovery.22 
Photocatalysis is envisaged to greatly impact the sustainable development to a carbon-
neutral future. Importance has been given to transferring energy from solar light to 
chemical energy and applications such as CO2 reduction to value-added products, 
splitting water into hydrogen and oxygen and pollution mitigation.15,29  
 
2.3. Plasmonic catalysis 
 
2.3.1. Fundamentals of plasmonic phenomena of metal nanoparticles 
 
Interaction of electromagnetic radiation with nanosized material of metallic behaviour 
causes collective oscillation of the electrons in the material at a resonant frequency. This 
oscillation enhances absorption and scattering cross-sections of the material, leading to 
the concentration of light energy in the nanoparticle, increasing the electric field in the 
vicinity of the particle surface. This phenomenon, observed for structures of smaller 
dimensions than the incident light wavelength, is called localised surface plasmon 
resonance (LSPR)1. Surface plasmons relax through radiative scattering or non-radiative 
absorption. The latter leads to the formation of high-energy charge carriers, electrons and 
holes. After that, energy is quickly dissipated by localised heating in the surroundings. 1,30 
Charge carriers can be excited via two main mechanisms: Intraband transitions are s-to-
s transitions that have a low rate, compared to interband d-to-s transitions with a higher 
rate constant (Figure 1). However, in contrast to intraband transitions, d-to-s transitions 
are available only at limited irradiation wavelengths, dependent on the energy of d-states 
of the material.1,31,32 Exited charge carriers are often called “hot” because their energy is 





Figure 1. Decay pathways of LSPR excitation. Left: radiative scattering. Right: interband and intraband 
transitions. Reproduced with permission from Maier, S. A. Localized Surface Plasmons. In Plasmonics: 
Fundamentals and Applications; Springer US: New York, NY, 2007; pp 65–88.  Copyright 2007 Springer 
Nature.  
 
The optical response of a material is governed by its dielectric properties, described by 
the complex dielectric function [𝜀(𝜔)]: 
    𝜀(𝜔) =  𝜀𝑟(𝜔) +  𝑖𝜀𝑖(𝜔)    (1)  
Where ω is the frequency of the incident light.3 𝜀𝑟(𝜔) is the real part of the dielectric 
function, describing the polarisability of the metal, whereas imaginary part 𝜀𝑖(𝜔) 
describes the contribution of the absorption in the total extinction of light irradiation, that 
includes both absorption and scattering1,31,33. 𝜀𝑖 is high for metals in wavelengths where 
d-to-s transitions are accessible, where the absorption is high due to the high rate of this 
transition1,32. Strong resonances can be observed when the real part is negative and the 
imaginary part is small34,35. Typically, plasmonic materials have d-band far from the Fermi 













     (3)  
Where 𝜀∞ is high-frequency dielectric constant, 𝜔𝑝 plasma frequency and 𝛾 damping 
factor, which can be explained to describe the scattering of free carriers. Free carrier 
concentration is connected to dielectric function by the function of plasma frequency:   
    𝜔𝑝 = √
𝑛𝑒2
𝑚𝑒𝜀0
      (4) 
Where n is the free carrier concentration, e free carrier charge, 𝑚𝑒 the effective mass of 
the free carrier and 𝜀0 the dielectric constant of free space.36  
The resonant light frequency, and therefore the wavelength of maximum absorption, is 
governed by the electronic structure as well as absorption and scattering cross-sections. 
The absorption in metal particles can be tuned with the size, shape and surface 
morphology of the particles, and it is also dependent on the dielectric properties of the 
surrounding medium.3 Studies have focused on Ag and Au as plasmonic nanoparticles 
due to their suitable dielectric properties that enable LSPR excitation in the visible range 
as well as facile and well-studied colloidal synthesis methods10. For many metals, among 
other Mg, Al, Ga, In, Tl, Sn, Pt,  and Pd, LSPR frequency lies in the UV region because 
of their high plasma frequency10,35,37. However, usually for photocatalytic applications 










2.3.2. Plasmonic properties of non-metals 
 
 
In addition to metals, various other materials can support LSPR excitation. For most 
semiconductor plasmonic materials, 𝜀∞ in equation (2) can be assumed constant, and 
Drude-Lorentz model described in 2.3.1 can be used with tolerable accuracy38. Plasma 
frequency links the free carrier concentration of the material to the dielectric constant 
[equations (2)-(4)].  Availability of free carriers is crucial in the plasmonic properties of a 
material and govern the energy of LSPR absorption, where higher free carrier 
concentration relates to the LSPR frequency of higher energy and, therefore, smaller 
wavelength. High doping of semiconductors is needed to reach high enough free carrier 
concentration and therefore wavelengths in the visible or near-infrared (NIR) region. 
Dopants can cause changes in band structure in the material and force hybridisation or 
distortion of the lattice.38,39 
A review paper by Agrawal et al. recognises three types of doping of plasmonic 
semiconductors: Aliovalent, where a lattice atom is replaced with a heteroatom; vacancy 
doping, formation of either cation or anion vacancies in the material; and last,  extrinsic 
interstitial doping, the inclusion of heteroatom into the space between the lattice atoms. 
A special feature of doped semiconductor plasmonics is the property of possible 
dynamical tuning of the LSPR frequency after fabrication.38 Classes of materials with 
plasmonic properties with some examples is presented in Figure 2. An example of the 
effect of doping can be observed by comparing the density of states of two materials. 
Figure 3 depicts the density of states modelled with density functional theory (DFT) of 
stoichiometric MoO3 and hydrogen intercalated H1.68MoO3. In stoichiometric oxide, a 
bandgap is clear in the absence of states around 1 eV. In the doped oxide, states are 
continuous from the valence band to the conduction band.40 
Alternative plasmonic materials can have advantages that are often application-specific. 
For example,  TiN is suggested to be suitable for high-temperature applications because 
of its high melting point, whereas Cu2-xS containing catalyst has shown prominent rate 




with metals24,41. Silver suffers from chemical instability, leading to oxidation and mitigation 
of its strong optical properties, whereas gold is expensive9,42. Utilising other plasmonic 
material can lead to higher thermal and chemical stability as well as lower cost, easier 
tunability and resonant frequencies more suitable for the application.9,10 
 
 
Figure 2. Main classes of plasmonic materials, including examples of each class3,10,36. Redrawn and 














. Reprinted with permission 
from Cheng, H.; Wen, M.; Ma, X.; Kuwahara, Y.; Mori, K.; Dai, Y.; Huang, B.; Yamashita, H. Hydrogen 
Doped Metal Oxide Semiconductors with Exceptional and Tunable Localized Surface Plasmon 
Resonances. J. Am. Chem. Soc. 2016, 138 (29), 9316–9324.. Copyright 2016 American Chemical Society. 
 
2.3.3. Plasmonic materials for catalysis 
 
Nanostructures with plasmonic properties have been reported to enhance a vast amount 
of chemical reactions under light irradiation. Typically, these enhancements have been 
explained by hot-carrier mediated mechanism, termed indirect excitation. In this 
mechanism, the reaction is catalysed by the formation of hot charge carriers in the 
plasmonic material that are subsequently transferred to the adsorbing molecule.1 (Figure 
4, A) 
Adsorption of the molecule on the nanoparticle surface can lead to the formation of 
hybridised nanoparticle-adsorbant states. Upon decay of LSPR in the nanoparticle, 
coupling of plasmon and these states can lead to formation of hot electrons in the 
nanoparticle-adsorbant states. This mechanism is called direct transfer, or chemical 





Figure 4. Energy transfer mechanism at plasmonic catalyst/molecule adsorbate interface. A: Indirect energy 
transfer, B: Direct energy transfer. Reprinted with permission from Aslam, U.; Rao, V. G.; Chavez, S.; Linic, 
S. Catalytic Conversion of Solar to Chemical Energy on Plasmonic Metal Nanostructures. Nat. Catal. 2018, 
1 (9), 656–665  Copyright 2018 Springer Nature  
 
Also photothermal effect, heat formed from the dissipation of the LSPR excitation can 
drive a chemical process44,45. Heating can be localised in a small volume and cause a 
temperature increase of several hundreds of degrees, avoiding unwanted heating of the 
surroundings44–46. Among other applications, photothermal properties of nanostructures 
have been applied in plasmon-assisted chemical vapour deposition46, photothermal 
cancer therapy47,48 and water distillation49.  
Different modes of enhancement are challenging to distinguish. Discerning the different 
modes of enhancement in proposed systems is a significant part of the research on 
plasmonic catalysis. The degree of thermal effects in the system has been studied and 
discussed in the research community, with some publications questioning the significance 
of the non-thermal effects to the rate enhancement.50,51 According to Baffou et al.51, 
suitable methods for differentiating the thermal and non-thermal effects include studies of 
the reaction rate at different illumination intensities, wavelengths, beam diameter or 
polarisation. Also, precise temperature measurements of the system, with, for example, 






2.4. Hybrid plasmonic catalysts 
 
Despite the advances achieved in plasmonic catalysis, the catalytical activity of used 
plasmonic nanoparticles is limited. Combining plasmonic material with a catalytically 
active component has emerged as a new possible pathway of development for 
photocatalysts. This possibility leads to vast opportunities to tune the system for the 
precise needs in question.11  
Transition metals are widely used in heterogeneous catalysis and can also be 
incorporated into hybrid systems as catalytic part. Transition metals have a d-band close 
to Fermi level, making them unsuitable for plasmonic applications in visible wavelengths. 
However, the proximity of Fermi level leads to stronger adsorption properties that are 
favourable in catalytic metal.11,52  
In “traditional” semiconductor-based heterogeneous photocatalysis, an electron-hole pair 
is excited with radiation of energy as high or higher than the bandgap of the material. The 
formed electrons and holes can then participate in oxidation and reduction reactions on 
the catalyst surface.29 For many materials, for example, the typically used TiO2, this can 
be archived only in the UV region. Because this region contributes little to the total 
intensity of solar irradiation, a considerable amount of research has been focusing on 
shifting the applicable region to the visible.53 One of the strategies is to incorporate 
plasmonic structures into the semiconductor6.  Some examples of this approach utilising 
earth-abundant plasmonic materials are described in the following sections.  
Antenna-reactor photocatalyst is a term used in some of the literature on hybrid plasmonic 
structures and describes well the working principle. It was coined in 2016, with pioneering 
work on Pd/Al catalysts for hydrogen dissociation and acetylene reduction. (See section 
Aluminium). Here “antenna” refers to the plasmonic part: it concentrates the energy from 
incoming wave to a small volume, similarly as radio-antennas work54,  and transfers it to 
the reactor, the catalytic part, that provides the preferred site for the reaction to take 




the functioning of the catalyst, important is the type of contact - or lack of it - that governs 
the coupling effects between the two parts.11,57  
 
 
Figure 5. Schematic models of distinct structures of hybrid plasmonic catalysts. A: Catalytic dimer, where 
plasmonic and catalytic parts are separated. B: Core-shell structure C: Plasmonic particle with catalytic 
islands. D: Alloyed catalyst. A: Reprinted with permission from Zhang, C.; Zhao, H.; Zhou, L.; Schlather, A. 
E.; Dong, L.; McClain, M. J.; Swearer, D. F.; Nordlander, P.; Halas, N. J. Al-Pd Nanodisk Heterodimers as 
Antenna-Reactor Photocatalysts. Nano Lett. 2016, 16 (10), 6677–6682. Copyright 2016 American 
Chemical Society. D: Reprinted by permission from Zhou, L.; Martirez, J. M. P.; Finzel, J.; Zhang, C.; 
Swearer, D. F.; Tian, S.; Robatjazi, H.; Lou, M.; Dong, L.; Henderson, L.; Christopher, P.; Carter, E. A.; 
Nordlander, P.; Halas, N. J. Light-Driven Methane Dry Reforming with Single Atomic Site Antenna-Reactor 
Plasmonic Photocatalysts. Nat. Energy 2020, 5 (1), 61–70 Copyright 2020 Springer Nature 
 
Electronic fields formed by the LSPR excitation can enhance the absorption in the 
catalytic material, even if the parts are not in contact56. (Figure 5, A) In these structures 
enhancement of electromagnetic fields is the driving force for the increased catalytic rate. 
In their review, Araujo and colleagues suggest careful consideration of designing these 
binary structures. The authors point out that the shape and size of the plasmonic entity, 




distance, should be optimised to take advantage of the strongest areas of enhancement 
in  the formed electromagnetic fields.57 
Electronic coupling involves charge transfer between materials in contact11.(Figure 5, B 
and C) Coverage of catalytic metal on plasmonic nanoparticle can guide the dissipation 
of LSPR and lead to increased formation of electron-hole pairs instead of scattering 
compared to monometallic nanoparticle58. This effect depends on the electronic 
properties of both metals. High 𝜀𝑖 for catalytical part and small for the plasmonic part, 
leads to the most prominent energy transfer.59 A modification in the decay pathway has 
also been observed in plasmonic metal–catalytic semiconductor system, where plasmon-
induced electric fields caused enhanced absorption in the semiconductor60.  The 
difference of plasmon decay in a bare plasmonic nanoparticle (NP) and a core-shell 
particle is illustrated in the schematic drawing in Figure 6.  
Contact of catalytic and plasmonic parts can cause a lowering in the catalyst d-band, 
changing its catalytical properties, while on the other hand, non-plasmonic metal causes 
dampening of absorption of the plasmonic metal core. In alloys (Figure 5, D), materials 
are mixed on the atomic level and form a distinct band structure.11 
The following sections review some promising earth-abundant materials for plasmonic 
catalysis and binary plasmonic-catalytic systems utilising these materials. It should be 
noted that the reviewed studies are focused on photocatalysis; different 
photoelectrocatalytic systems (for example, ref. 29, 30) utilise the same principles but are 






Figure 6. Dissipation of plasmonic excitation in Ag NP and core-shell NP. Reprinted with permission from 
Linic, S.; Chavez, S.; Elias, R. Flow and Extraction of Energy and Charge Carriers in Hybrid Plasmonic 




With LSPR excitation in the visible range, Cu is usually mentioned alongside Ag and Au 
as a plasmonic metal1. Gawande et al. attribute in their review the interest in the use of 
Cu NPs in catalysis as alternatives to noble metals in their high natural abundance, low 
cost and versatile preparation methods63. Wet chemical synthesis is popular, due to 
simple laboratory techniques and good control over the size and shape of the particles. 
Desired properties of the particles can be attained by reduction from Cu(I) or Cu(II) 
containing precursors.63 
However, the use of Cu nanoparticles has been hindered by the chemical instability 
caused by the easy oxidation of Cu NPs under atmospheric conditions. Oxidation of the 




with low crystallinity that are more easily oxidised than crystalline particles formed by gas-
phase methods.64 Disregarding the synthesis method, formed particles must be shielded 
from oxidation by incorporating them into a substrate or forming core-shell particles.63,64 
Studies have reported harvesting LSPR enhancement for chemical transformations by 
single-metal Cu systems in, for example, graphene supported Cu NPs for coupling of 
nitroaromatics65 and selective epoxidation on Cu NPs66. Some binary systems are 
reviewed in the next section. 
Wang et al. studied ZnO/Cu catalyst for methanol synthesis via CO2 oxidation, attaining 
1.5 -fold enhancement of methanol production rate under light irradiation67. The catalyst 
was synthesised by co-precipitation of precursors in ½ ratio of Cu and Zn. The induction 
of hot electrons was justified by studies of varying light intensity, different irradiation 
wavelengths (Figure 7)  and kinetic isotope effect.   The authors report apparent activation 
energy reduction by 40 % compared to reactions performed in dark. 
 
 
Figure 7. Demonstration of hot electron induced enhancement. Left: reaction rate with varying light intensity, 
Right: Dependence of reaction rate on the irradiation wavelength. Red line follows the absorption spectra. 
Reprinted from Wang, Z. jun; Song, H.; Pang, H.; Ning, Y.; Dao, T. D.; Wang, Z.; Chen, H.; Weng, Y.; Fu, 
Q.; Nagao, T.; Fang, Y.; Ye, J. Photo-Assisted Methanol Synthesis via CO2 Reduction under Ambient 
Pressure over Plasmonic Cu/ZnO Catalysts. Appl. Catal. B Environ. 2019, 250 Copyright 2019, with 





In another study, Xu and co-workers combined Cu spheres with catalytical properties of 
Co or Ni68. Cu particles of five different sizes (between 55-440 nm) were synthesised 
using L-ascorbic acid, and either Co or Ni was reduced on these spheres with sodium 
borohydride. These catalysts were studied in the hydrogen evolution from ammonium 
borane at room temperature, where the catalyst containing 150 nm Cu particles with Co 
delivered the best catalytical activity under light irradiation. In addition to observed light-
dependent catalytical activity, charge carrier effects were proven by collecting 
photogenerated electrons. Notable was the capability of the system to increase the 
otherwise lower catalytical activity of non-noble Co and Ni in this reaction. 
Zhou et al. formed a single-atom catalyst by alloying a small amount of Ru with Cu23. In 
dry reforming of methane (DRM) experiments, single-atom concentration and lower 
reaction temperature compared to a thermal process increased stability and use-life of 
the catalyst. This effect was explained by decreased poisoning of the catalytic centres by 
coke formation. Furthermore, the selectivity increased under light irradiation compared to 




Aluminium is, after Si and O, the third most abundant element in the earth’s crust69.  Al 
has a high plasma frequency and therefore, LSPR frequency in the UV region, where Ag 
and Au are restricted. Al can be tuned over an extensive range of wavelengths, with LSPR 
frequency depending on the particle size, shape, and oxidation.70 (Figure 8) The large 
extent of the oxidation leads to deterioration of the plasmonic properties.71 Upon exposure 
to air, a few nanometres thick passivating oxide layer forms stabilise the Al core to 






Figure 8. LSPR tunability of aluminium compared to gold and silver. Reprinted with permission from Knight, 
M. W.; King, N. S.; Liu, L.; Everitt, H. O.; Nordlander, P.; Halas, N. J. Aluminum for Plasmonics. ACS Nano 
2014, 8 (1), 834–840. Copyright 2014 American Chemical Society 
 
Lithography56 and colloidal methods73–75 have been used to synthesise Al nanoparticles. 
Impurities can cause polycrystallinity of lithographical particles, whereas precursors used 
in a colloidal synthesis are reactive with air and water, prohibiting aqueous methods76. 
However, in solvent methods, the particle size can be changed with varying solvent ratios 
of surface ligands74,75. 
Some of the first work on binary plasmonic-catalytic systems have been performed 
utilising Al nanocrystals. Halas group showed proof of the binary plasmonic catalyst 
concept in two morphologically different Pd/Al systems in 201655,56. Both systems showed 
light enhanced hydrogen dissociation assigned to synergistic functions of both plasmonic 
and catalytical metals where enhanced local fields formed by Al caused hot carrier 
formation in the catalytic metal. With Pd decorated Al nanocrystals, selectivity rise in 
acetylene reduction was observed55. Lithographically prepared Pd/Al nanodisk dimers 
could be used to present the effects of the irradiation wavelength, distance between the 
plasmonic and catalytic entities and the light polarisation angle on the reaction rate56.  
In the following studies, the system was developed further: For more optimised use of the 
LSPR effect and the catalytic noble metal, Pd was deposited on the areas of highest local 
field enhancement, on the edges of a colloidally prepared Al nanoparticle (Figure 9). This 
preferential growth was reached by the slow addition of the Pd-precursor in the catalyst 




reaction barrier and consequent break C-F bond that is a chemical transformation 
relevant for environmental and industrial purposes78. 
 
 
Figure 9. Transmission electron micrographs of Pd/Al with preferential Pd growth on the Al particle corners. 
A: Al NP with reduced Pd nanoclusters. Scale bar: 50 nm. B: Part I in A. Scale bar: 5 nm. C: Reduced Pd 
cluster on the corner of Al NP. Scale bar 20 nm. Reprinted with permission from Robatjazi, H.; Lou, M.; 
Clark, B. D.; Jacobson, C. R.; Swearer, D. F.; Nordlander, P.; Halas, N. J. Site-Selective Nanoreactor 
Deposition on Photocatalytic Al Nanocubes. Nano Lett. 2020, 20 (6), 4550–4557. Copyright 2020 American 
Chemical Society. 
 
A noble-metal free CuO/Al catalyst was studied by Robatjazi et al. for reverse water gas 
shift reaction79. A catalyst of core-shell structure of Al core, with a polycrystalline cuprous 
oxide shell supported on γ-Al2O3 was shown to enhance the rate and selectivity of the 
reaction under light irradiation. Via studying photon flux dependence of the reaction, local 
temperature, optical absorption and electric field enhancement, the authors concluded 
the enhancement to be hot-carrier mediated, leading to increased optical absorption in 
the catalyst semiconductor.  
Swearer et al. showed a procedure to reduce multiple different, catalytically relevant 
metals on Al-nanoparticles by polyol assisted reduction80. In the following study, Ir/Al 
catalyst for transforming greenhouse gas N2O to N2 and O2
19. Light-induced catalysis led 
to high selectivity, and no formation of undesirable NOx species was observed with 
temperatures lower than used in traditional thermal catalysts. No observation of change 




enhancement to be driven by photothermal effects and the hot carrier pathway to be 
hindered due to the limiting step of the reaction, O2 desorption that is not affected by hot 
carriers. 
The photocatalytic performance of TiO2 can be enhanced by adding Al crystals to the 
catalyst structure. Multiple studies have shown increased efficiency of degradation of 





In recent years, magnesium has gained attention as an abundant metal capable of 
supporting an LSPR excitation. It is biocompatible, with a plasmonic response tunable 
from UV to NIR region34,83. Mg metal forms a hexagonal closed packed crystal structure 
that is untypical among plasmonic metals. Compared to metals with face-centred cubic 
lattices, hexagonal structures have distinct crystal shapes and exposed surfaces34. 
The plasmonic response of Mg can be changed by inducing a phase change by 
incorporating hydrogen into the crystal structure. Plasmonic Mg can be switched to non-
plasmonic MgH2 by introducing H2. This change can be reversed by O2 treatment.
84 This 
feature can be utilised in novel applications of dynamic plasmonics, for example, display 
technology85. 
Mg has a high negative reduction potential that causes fast oxidation of Mg NPs. Due to 
its reactivity, colloidal synthesis of Mg NPs must be performed in a carefully controlled 
environment with a dry solvent. Formed particles must be protected with an oxide shell to 
remain stable in air. Well-defined reduction methods developed for Ag and Au NP  
synthesis are not suitable because of the redox potential.34,86 
However, this property of ready oxidation can drive galvanic replacement to decorate the 
Mg particles86. Galvanic replacement is an electrochemical process driven by the 
differences in reduction potentials of the two participating metals. Sacrificial metal, 
present in solid, oxidises and dissolves and is replaced by metal from solution with higher 




Au, Ag, Pd and Fe was reduced on Mg NPs using galvanic replacement in a study 
conducted by Asselin et al86. The authors describe the possibility of stepwise reduction, 
allowing decorating a particle with multiple metals. Hypothetically, the galvanic 
replacement could be used to reduce any metal with a higher reduction potential34. 
Plasmonic MgO/Mg structures have enhanced photocatalytic decomposition of FS6 in a 
study by Gutierrez and colleagues83.  
 
2.4.4. Molybdenum oxide 
 
While stoichiometric molybdenum trioxide is an insulator, plasmonic properties can be 
induced by reducing oxygen or intercalating hydrogen atoms into the layered structure of 
MoO3. These structures can be denoted as molybdenum oxide MoO3-x or as hydrogen 
molybdenum bronzes, respectively.88,89 LSPR absorption of these materials can be tuned 
by the extent of the doping, which can be controlled by the reduction temperature. In an 
H2 spillover method, chemisorbed H2 on the surface is dissociated by metal and 
intercalates into the lattice, causing reduction of the cation and an oxygen vacancy 
(Figure 10). In the presence of metal, hydrogen is intercalated at lower temperatures. This 






Figure 10. Schematic image of H
2
 spillover process on MoO
3
 surface. Reprinted with permission from 
Cheng, H.; Wen, M.; Ma, X.; Kuwahara, Y.; Mori, K.; Dai, Y.; Huang, B.; Yamashita, H. Hydrogen Doped 
Metal Oxide Semiconductors with Exceptional and Tunable Localized Surface Plasmon Resonances. J. 
Am. Chem. Soc. 2016, 138 (29), 9316–9324. Copyright 2016 American Chemical Society. 
 
In 2015, Cheng et al. composed a Pd/MoO3-x catalyst
88. In the synthesis, MoO3 
nanoplates were obtained by thermal decomposition of (NH4)6Mo7O24. In the next step, 
NaBH4 reductant was added to a suspension of H2PdCl4 impregnated plates. Reduction 
with NaBH4 caused impregnated Pd ions to form metallic palladium and Mo atoms to 
reduce from the oxidation state of 6+ to 5+ and form oxygen vacancies in the oxide. 
Diffuse reflectance spectroscopy (DRS) measurement showed a rise of an absorption 
peak for an as-synthesised hybrid at 640 nm, compared to a pure stoichiometric MoO3. 
According to X-ray diffraction (XRD) measurement, no phase change occurred during the 
reduction. The prepared catalyst oxidised, causing red-shift and lowering of the LSPR 
absorption peak within hours. The absorption, however, could be recovered with NaBH4 
treatment. (Figure 11) The catalyst showed plasmon-enhanced catalytic activity for 






Figure 11. Pd-MoO3-x catalyst. A: Oxidation and reduction of the catalyst. B: DRS spectra of catalyst  at 
different times after synthesis. C: DRS spectra of original, oxidised, and recovered catalyst. Reprinted with 
permission of John Wiley & Sons - Books, from Cheng, H.; Qian, X.; Kuwahara, Y.; Mori, K.; Yamashita, H. 
A Plasmonic Molybdenum Oxide Hybrid with Reversible Tunability for Visible-Light-Enhanced Catalytic 
Reactions. Adv. Mater. 2015, 27 (31), 4616–4621; permission conveyed through Copyright Clearance 
Center, Inc. 
 
In a different study, Pt/HxMoO3-y catalysts showed photocatalytic activity for 
deoxyhydrogenation of sulfoxides, leading to a 2-fold faster reaction than in dark 
conditions18. Interestingly, prepared comparison samples of catalysts, Pt/SiO2 and Pt/ 
Al2O3, showed no reactivity, leading to a conclusion that Pt nanoparticles were not the 
main active sites of the catalysts. Studies of catalytic activity of Pd HxMoO3-y and Ru/ 
HxMoO3-y lead to a conclusion that the metal activates the hydrogen dissociation on the 
catalyst surface and by that leads to a better yield than pure HxMoO3-y catalyst. Oxygen 
vacancies and intercalated hydrogen ions were proposed to be the catalytic reaction sites, 
based on the stoichiometry of these species determined by thermogravimetrical analysis.  







Figure 12. Proposed reaction mechanism of deoxyhydrogenation on Pt/HxMoO3-y catalysts. Reprinted with 
permission from Kuwahara, Y.; Yoshimura, Y.; Haematsu, K.; Yamashita, H. Mild Deoxygenation of 
Sulfoxides over Plasmonic Molybdenum Oxide Hybrid with Dramatic Activity Enhancement under Visible 
Light. J. Am. Chem. Soc. 2018, 140 (29), 9203–9210. Copyright 2018 American Chemical Society 
 
The hydrogen spillover process was also employed to synthesise a Ru/HxMoO3-y catalyst 
by Yin and co-workers90. Plasmonic enhancement was observed under light irradiation in 
p-nitrophenol reduction as a model reaction, describing the Ru NPs as the catalytically 
active centres of the reaction. In a subsequent study, alloying Pd to Ru to form 
RuPd/HxMoO3-y catalyst, the authors showed higher catalytical activity in the same 
reaction91.   
Zhang et al. utilised plasmonic properties of MoO2
92. Solvothermal process, followed by 
impregnation and calcination, was employed to obtain Pt/MoO2 core-shell particles. The 
reaction rate for preferential oxidation for CO was increased under light, and side product 
formation was decreased compared to dark reaction conditions. The authors explain hot-






2.4.5. Tungsten oxide 
 
Monoclinic WO3-x grows in preferential {010} direction, forming wires or rods with corner 
and edge-shared WO6 octahedra
93. Non-stoichiometric tungsten oxide has been shown 
to catalyse light-assisted a myriad of chemical reactions using its oxygen vacancies. 
These reactions include ethanol dehydration to form ethylene94, CO2 reduction
93 and 
hydrogenation of olefins95. 
Lou et al. showed in 2016 that non-stoichiometric WO3-x could be used to drive LSPR 
enhanced catalytic reaction on external catalytic site attached to the plasmonic material96. 
As a proof-of-concept, Suzuki coupling, which was inactive on WO3-x structures, was 
shown to have increased catalytic activity on Pd/WO3-x structures under long-wavelength 
(λ>650 nm) irradiation. WO3-x nanowires were prepared using a solvothermal method 
from W(CO)6 precursor, and Pd was reduced with NaBH4. The increased rate and 
selectivity were attributed to the photothermal effects of the catalyst. In further work, Lou 
and co-workers combined a studied catalyst for ammonium borane dehydrogenation, 
Ni2P, with WO3-x nanowires
97. Even though WO3-x and Ni2P could by themself catalyse 
the dehydrogenation, the activity of the catalyst under light irradiation was one order 
higher than with Ni2P, and the activity per gram of catalyst was higher than with pure Ni2P.  
Alkali metals or hydrogen can be intercalated to tungsten oxide structure into empty 
spaces between WO6 octahedra. Formed channels make possible cation movement.  
Similar H2 spillover process approaches to HxMoO3-y can be used to synthesise tungsten 
hydrogen bronzes. Pd/HxWO3 prepared by this approach has been shown to enhance the 
catalytic activity of p-nitrophenol reduction40. 
Mo and W belong to the VI group of elements and can be used to form oxides consisting 
of both of these cations. Yin et al. synthesised MoxW1-xO3-y sheets by non-aqueous 
solvothermal method (Figure 13) that showed a blue-shifted and significantly enhanced 
LSPR peak compared to monometallic counterparts the group had studied previously98. 














 by Yin et al.98 Reprinted with permission from Yin, 
H.; Kuwahara, Y.; Mori, K.; Cheng, H.; Wen, M.; Huo, Y.; Yamashita, H. Localized Surface Plasmon 
Resonances in Plasmonic Molybdenum Tungsten Oxide Hybrid for Visible-Light-Enhanced Catalytic 
Reaction. J. Phys. Chem. C 2017, 121 (42), 23531–23540. Copyright 2017 American Chemical Society 
 
2.4.6. Copper sulfide 
 
Cation deficient copper sulfide, with a general form of Cu2-xS, has several distinct phases 
dependent on the Cu/S ratio of the material100. LSPR in this material arises from the 
inclusion of free holes caused by the copper deficiency of the material. LSPR lies in the 
IR region and can be modified by its phase that is tied to free hole density as well as the 
size and shape of the particles or oxidation and reduction. The crystal structure changes 
easily with conditions and makes attributing changes to specific parameters 
complicated.101,102  According to Xu and colleagues, the most used synthesis strategy is 
hot-injection103. 
Cui et al. combined the catalytic properties of Pd to plasmonic Cu7S4
24. 14 nm copper 
sulfide NPs were prepared by solvothermal decomposition from a single precursor, and 
4 nm Pd islands were formed with hot injection on the particle surface. Suzuki coupling, 
nitrobenzene hydrogenation and oxidation of benzyl alcohol reactions were studied, with 
the highest conversion enhancement under 1500 nm laser irradiation, compared to 808 
and 980 nm lasers. (Figure 14). Significant conversion rates were also obtained under 
simulated solar irradiation and solar light in an outdoor environment. The activity of the 




photothermal effect was deduced low. The prepared structure was extendable to other 







 catalyst efficiency at different wavelengths. A: Suzuki coupling, B: Oxidation of benzyl 
alcohol C: Nitrobenzene hydrogenation. Reprinted with permission from Cui, J.; Li, Y.; Liu, L.; Chen, L.; Xu, 
J.; Ma, J.; Fang, G.; Zhu, E.; Wu, H.; Zhao, L.; Wang, L.; Huang, Y. Near-Infrared Plasmonic-Enhanced 
Solar Energy Harvest for Highly Efficient Photocatalytic Reactions. Nano Lett. 2015, 15 (10), 6295–6301. 
Copyright 2015 American Chemical Society 
 
Liu and co-workers reported a procedure for preparing Cu2-xS nanowires by cation 
exchange, with samples of varying composition of x between 0-1104.(Figure 15) These 
nanowires were decorated with colloidally prepared Pd NPs, and the system was shown 
to have enhanced catalytic activity compared to bare copper sulfide nanowires under 






Figure 15. Cation exchange method for preparation of Cu
2-x
S nanowires. Liu et al.104 Reprinted with 
permission from Liu, P. H.; Wen, M.; Tan, C. S.; Navlani-García, M.; Kuwahara, Y.; Mori, K.; Yamashita, 
H.; Chen, L. J. Surface Plasmon Resonance Enhancement of Production of H2 from Ammonia Borane 
Solution with Tunable Cu2−xS Nanowires Decorated by Pd Nanoparticles. Nano Energy 2017, 31, 57–63. 
Copyright 2017 Elsevier  
 
 
2.4.7. Titanium nitride 
 
Titanium nitride (TiN) is a hard, refractory material with metallic behaviour and a high 
melting point9. It has a high carrier density, causing an LSPR absorption at visible or NIR 
regions38. TiN, with other transition metal nitrides, is non-stoichiometric41. The preparation 
method affects the composition, and consequently, the properties of the material. It has 
been shown that the N/Ti ratio in TiN affects its electrical and optical properties105,106.  A 
review by Karaballi et al. lists laser ablation, nitridation of TiO2 with NH3 and some other 
solid-state and plasma methods as suitable for preparing TiN nanoparticles107 
Titanium nitride has been widely suggested as an alternative to gold because of the 
similarities in the LSPR absorption, especially in applications where high heat resistance 
is needed108,109. TiN nanoparticles have been used in studies for biomedical applications, 
for example, photothermal therapy for cancer treatment for its biological compatibility and 
significant absorption in the biological transparency window in NIR47,110. Computational 




among metal nitrides111. However, local field enhancement has been described as lower 
compared to gold109.  
Rej and co-workers formed binary plasmonic catalyst Pt/TiN by decorating TiN cubes with 
Pt clusters in the presence of formaldehyde in aqueous suspension112. In the synthesis, 
NaOH was used to neutralise the acidity formed in the previous acid treatment of the 
commercial TiN particles, performed to achieve better attachment of Pt on the TiN 
surfaces. High-resolution transmission electron microscopy (HRTEM) imaging show Pt 
clusters well-dispersed on TiN particles. (Figure 16 a, b) Based on energy-dispersive X-
ray spectroscopy (EDS, Figure 16, g)  and X-ray photoelectron spectroscopy results, the 
authors reason formation of a self-passivating layer of titanium oxide and titanium 
oxynitride on the particle surfaces during the catalyst preparation. 
 
 
Figure 16. Pt/TiN catalyst. a: TEM image of a catalytic particle with a TiN cube and Pt islands. b: 
magnification of a HRTEM image. c:  Dark-field scanning TEM image of catalyst hybrid d-h: EDS mapping 
Pd, Ti, N, O and overlayed Ti and Pd. Reprinted with permission from Rej, S.; Mascaretti, L.; Santiago, E. 
Y.; Tomanec, O.; Kment, Š.; Wang, Z.; Zbořil, R.; Fornasiero, P.; Govorov, A. O.; Naldoni, A. Determining 
Plasmonic Hot Electrons and Photothermal Effects during H2 Evolution with TiN-Pt Nanohybrids. ACS 





Synthesised catalyst was tested on ammonium borane dehydrogenation reaction. It 
showed improved catalytic activity under light irradiation, which was contributed to the 
combined effects of photothermal heating and hot carrier formation in TiN and Pt particles. 
Hot electrons were constituted to decrease the activation energy required to reach the 
transition state of the downhill reaction of H2 formation. 
Li and co-workers formed nanocomposite TiO2 /TiN photocatalyst by hydrothermal vapour 
phase growth of TiO2 particles on TiN
53. With this system, good visible-light enhanced 
catalytic activity was observed for the degradation of organic pollutants Rhodamine B and 
4-nitrophenol and disinfection of micro-organisms of E. coli. The proposed method of 
catalysis is driven via hot electron induced •O2
- and consecutive formation of •OH-, 
depicted in Figure 17.  
Cr-doped titania was used by Kaur et al., who also studied plasmonic TiN based materials 
for environmental degradation applications113. TiN in SiO2 shell decorated with Cr-doped 
TiO2 was successfully used for the photodecomposition of methylene blue. Formed 
nanoparticles were supported in gel-like transparent calcium alginate beads to obtain a 






Figure 17. Proposed photocatalytic mechanism of TiO
2
/TiN nanocomposite catalyst. 
Reproduced with permission from Li, C.; Yang, W.; Liu, L.; Sun, W.; Li, Q. In Situ Growth of TiO2 on TiN 
Nanoparticles for Non-Noble-Metal Plasmonic Photocatalysis. RSC Adv. 2016, 6 (76), 72659–72669. 
Copyright 2016 The Royal Society of Chemistry 
 
2.4.8. Tantalum Carbide 
 
Tantalum carbide has been described as a conductive, hard material with strong and 
broad resonance114. In a computational study, Kumar et al. utilised first-principle DFT to 
investigate conductive ceramics proposed as promising materials for non-metal 
plasmonics111. According to their dielectric functions, metal carbides were described as 
unsuitable for plasmonic applications due to their high losses in the visible and NIR region. 
However, upon examining the scattering and absorption efficiencies, TaC was suggested, 
together with TiN, to have the best properties for photothermal applications from the 
included carbides and nitrides.  
This feature has been employed in some hybrid catalyst applications. Anjaneyulu and co-
workers prepared Co/TaC catalyst by precursor reduction in an organic solvent and 
subsequent annealing115 (Figure 18). The absorption maximum of the catalyst was 
measured to approximately 500 nm. In DRM reaction under light irradiation, Co/TaC 





Figure 18. Schematics of a Co/TaC (Co@TaC) catalyst synthesis. Reprinted with permission from 
Anjaneyulu, O.; Takeda, K.; Ishii, S.; Ueda, S.; Nagao, T.; Xiaobo, P.; Fujita, T.; Miyauchi, M.; Abe, H. Light-
Promoted Conversion of Greenhouse Gases over Plasmonic Metal-Carbide Nanocomposite Catalysts. 
Mater. Chem. Front. 2018, 2 (3), 580–584. Copyright 2018 The Royal Society of Chemistry 
 
Later by the same group, Ni/TaC hybrids were composed by impregnating commercial 
TaC particles with Ni114. Again, the catalyst was used for DRM reactions. The authors 
report TaC to enhance reaction activity via effects of photothermal heating and lowered 
coking rate.  
 
2.5. Final remarks from the literature review 
 
This section presented hybrid catalysts with sustainable, earth-abundant plasmonic 
materials. In a short time, many studies have approached the question of a hybrid 
plasmonic catalyst with different materials, methods and studied reactions. Whereas 
some work focused mainly to prove the concept, other, more recent work has targeted 
industrially and environmentally essential reactions. 
Even though examining earth-abundant plasmonic materials has been a motivation in 
these studies, few have paid attention to the sustainable considerations of the catalytical 
part of the system. Perhaps in the future, with development and deeper understanding of 
the plasmonic part, earth-abundant alternatives will be studied also in these materials. 




air and less-developed synthesis methods. More work needs to be done to overcome 
these challenges and make these catalysts practical for large-scale applications.  
 
3. Experimental work 
 
3.1. Aim of the study 
 
The work aimed to study an earth-abundant alternative plasmonic material for 
photocatalysis. This objective was approached by synthesising and studying catalytical 
reactions of a hybrid Pd/TiN catalyst and differences in catalytic activity under light 
irradiation and in dark. Palladium was chosen as a catalytic material for its well-
established catalytical chemistry and activity in various chemical reactions116. The focus 
of this work was on studying the performance of TiN as the plasmonic component in the 
system. In the following work on this topic, exchanging Pd for a more earth-abundant 




3.2.1. Materials and methods 
 
Titanium nitride (50 nm and 20 nm) were purchased from PlasmaChem. Titanium nitride 
(<3 μm), Potassium tetrachloropalladate(II), (K2PdCl4, 98%), L-lysine (≥98%)  
polyvinylpyrrolidone (PVP, MW. 55 000 g/mol), sodium borohydride (Fine granular for 
synthesis), phenylacetylene (98%) ammonia-borane complex (97 %) and nitric acid (65 
%, for synthesis)  were purchased from Sigma-Aldrich. Ethanol (p.a.)  and 2-propanol 
(IPA) were used from Honeywell. Hydrochloric acid (37 %) was purchased from VWR.  







3.2.2. Synthesis of Pd/TiN NPs 
 




Palladium clusters were reduced on the commercial TiN particles using sodium 
borohydride (NaBH4) and L-lysine in water suspension. Two different sizes of TiN 
particles, <3 μm and 50 nm, were used, and the Pd loading was changed between 
samples. The sizes mentioned are particle sizes given by the manufacturers. Table 1 
presents prepared catalysts and materials used for them. 
In the reduction procedure (Figure 19), 500 mg of TiN was placed in a beaker, and Pd-
precursor and L-lysine solutions were added. The suspension was stirred covered at 
room temperature for 30 min. Just before addition, NaBH4 was dissolved in water and 
then added dropwise to the stirring suspension. The suspension was stirred once more 
for 30 min. The suspension was let to settle overnight. It was centrifuged and washed 
three times with water and once with ethanol. The catalyst was dried overnight in air at 
60 °C. The catalyst was ground with mortar before storage and use. 
 











<3μm 3 14.1 10 0.013 
0.5 2.349 10 0.013 
0.05 0.235 5 0.0065 
0.01 0.0469 5 0.0065 
50 nm 3 14.1 10 0.013 







Figure 19. Scheme of the NaBH
4
 assisted synthesis 
 
 
3.2.2.2. Reduction with ethanol and polyvinylpyrrolidone 
 
This approach was adapted from the work of Cardoso et al.117 In their work, Pd islands 
were reduced on carbon nanotubes. This synthesis method was tried to see any possible 
difference in resulting catalysts characteristics and performance compared to the catalyst 
prepared by the NaBH4 reduction method. In the modified procedure, PVP was dissolved 
in 12 mL of ethanol TiN (112 mg, <3 μm). Ethanol (6 mL) and prepared solution were 
added to two neck round-bottom-flask and stirred for 15 min in an oil bath (75 °C). The 
Pd precursor was added (0.005 M in water, 1 mL) dropwise and stirred for 3 h. Let to cool 
down and settle overnight. The catalyst was washed five times with ethanol and dried in 




3.2.3.1. UV-Vis spectrophotometry and diffuse reflectance spectroscopy 
 
Spectrophotometry is a relatively simple and widely used method for sample 
characterisation. In the measurement, transmission or reflection of light is measured as 




used wavelength to the ultraviolet and visible light range. In the simplest transmission 
measurement, light power attenuation in the measurement sample is gauged. Typically, 
measured transmission or reflectance results are recalculated and reported as 
absorption, assuming that the sample absorption causes all light power loss in the 
measurement.118 
Light absorption in the sample can cause atomic or electronic movement; therefore, 
measuring spectrophotometric spectra can be beneficial to the characterisation of the 
electronic and atomic structure of the sample. If the plasmon excitation of the material 
lies in the measurement wavelength range, it can also be characterised. Many different 
factors can affect the spectra, for example, temperature, stress, morphology or the 
surrounding medium. These factors should be held constant to give comparable results. 
Diffuse reflectance is a method of spectrophotometry for solid, opaque samples with a 
rough sample surface. Commonly measured samples are, among others, powders, 
ceramics and nanostructures. Measured is the reflectance of the sample surface to all 
directions, compared to a reference with high reflectance using special mirrors or an 
integrating sphere.118 (Figure 20) 
UV-Vis Spectrometry (UV-Vis) measurements were performed with Shimadzu UV-2600 
in the range of 200-800 nm. Sample suspensions were prepared by dispersing a small, 
arbitrary amount of solid sample in water. If needed, the suspension was diluted and 
measured again to give an absorption maximum smaller than 1.  
Diffuse reflectance spectroscopy measurements were performed with the same 
instrument with an integrating sphere attachment. Samples were prepared either by 
pressing the sample into the sample holder or with drop-casting acetone slurry. Barium 







Figure 20. Integrating sphere attachment (left)  and a collection mirror (right) for DRS. Reprinted with 
permission from Soares, J. A. N. T. Introduction to Optical Characterization of Materials. In Practical 
Materials Characterization; Sardela, M., Ed.; Springer New York: 2014; pp 43–92 Copyright 2014 Springer 
Nature 
 
3.2.3.2. Scanning electron microscopy 
 
Scanning electron microscopy (SEM) is a widely used electron microscopy for imaging 
materials and their surfaces. In this method, high magnification images of the specimens 
are obtained by scanning the surface point-by-point with a focused electron beam. The 
depth of field of the image causes the image to appear three-dimensional, similar to what 
could be “seen” with the eye if it would be capable of such magnification. A flow of 
electrons is formed in an electron gun and focused with a set of electron lenses. With the 
last lens, the electrons are focused on the point of interest in the specimen (Figure 21). 
When electrons hit the surface, electrons interact with the material and are emitted back 
outside the specimen. These signal electrons are backscattered and secondary electrons, 
either scattered from the material surface or ejected from the specimen atoms. Part of 
these signal electrons are detected, amplified and translated to form one part of the 
image. Each of these measured signals constitutes one point in the final image.  The SEM 
can cover a large scale of magnification with image resolution governed by electron beam 




In this work, samples of commercial TiN and 3 % Pd/TiN of both particle sizes were 
imaged. (Hitachi S-4800 Field Emission Scanning Electron Microscope). All SEM 
samples were prepared by drop-casting. A small drop of sample suspension (in H20) was 




Figure 21. Schematic image of a SEM device. Reproduced from Schatten, H. The Role of Scanning 
Electron Microscopy in Cell and Molecular Biology: SEM Basics, Past Accomplishments, and New 
Frontiers. In Scanning Electron Microscopy for the Life Sciences; Cambridge University Press, 2012; pp 1–










3.2.3.3. Microwave plasma atomic emission spectrometry 
 
Atomic emission spectrometry is a method of analysing elemental concentrations of 
measured samples by measuring their light emission intensities from excited states. 
Microwave refers to how the plasma is formed in the microwave plasma atomic emission 
s (MP AES) instrument. In the analysis, the sample is lead to a high-temperature plasma 
cell, where the liquid sample is transformed to free atoms and ions. The high temperature 
of the surroundings excites particles to their unstable excited electronic states. Return to 
the ground states causes light emissions of wavelengths typical to each ion or atom. 
Analysing the spectra and intensities of the radiation can be used to determine the 
concentrations of elements of interest.121 
The instrument for atomic emission spectrometry can be divided to signal generator and 
signal processor units. The former part consists of sample introduction and plasma 
source, the latter of optics, electronics and data acquisition.121  Schematic picture of the 
measurement is presented in Figure 22. In addition to plasma sources, flame and 
electronic spark ark can be utilised to form excited atoms and ions. However, plasma 
sources are preferred due to their higher temperature that corresponds to higher emission 
intensity.122 
Calibration of the measurement is performed using a calibration series. Sample 
concentration can be determined using calibration curves of standards of known 
concentrations and their measured intensities. To precise measurement, emissions at 
different wavelengths are used to calculate the sample concentration.  The palladium 
content of two catalysts was analysed with a microwave plasma atomic emission 






Figure 22. Schematic diagram of MP AES instrument. Reproduced with permission from Microwave Plasma 
Atomic Emission Spectroscopy (MP-AES) Application eHandbook, January 2021 Edition 
https://www.agilent.com/cs/library/applications/5991-7282EN_MP-AES-eBook.pdf, accessed 9.2.2021. 
Agilent.  
 
A sample of 3 % Pd/TiN (<3μm) was prepared by boiling a known mass of catalyst (12.4 
mg) in 5 mL of aqua regia in a round-bottom flask with a condenser. In the process, the 
catalyst was dissolved. The sample was centrifuged, but no solid was observed in the 
solution. Then, the solution was transferred to a clean round-bottom flask, and the 
centrifuge tube was washed with approximately 5 mL of water and centrifuged. The 
centrifuged solution was added to the previously transferred solution, and excess solvent 
was evaporated by boiling the solution. The remaining solution was diluted with 0.5 M 
HCl in a volumetric flask (100 mL). This approach for sample digestion was adopted from 
the previous sample preparation made in the group. However, as no solid was formed 
during the procedure, it could be simplified. 
For 3 % Pd/TiN (50nm), two replicate samples (6.95 mg, 10.05 mg) were prepared by 
boiling samples under reflux in aqua regia (5 mL, 15 min). After cooling, the solutions 
were centrifuged to remove possible solids. No solids were observed. The solution was 




Sample concentration was determined with a calibration series. The series was prepared 
by diluting a primary solution (61.0 ppm) to suitable concentrations in volumetric flasks 
(10 mL). All dilutions were done using 0.5 M HCl. Table 2 contains concentrations of the 
standards and volumes of primary solutions used.  
 
Table 2. Standard series for MP AES measurement. 
 c (ppm) Addition (μL) 
blank 0 0 
std1 0.1 16.4 
std2 0.3 49.2 
std3 1.1 180 
std4 2.2 360 
std5 5.5 901 
 
 
3.2.3.4. X-ray diffraction 
 
X-ray diffraction (XRD) is used to determine properties of polycrystalline materials by 
probing the samples with an X-ray beam. As a result of a scan over a range of incident 
angles, information on the interatomic spacing of the material is obtained and can be used 
to identify the phases present.   
X-rays scattered from crystal planes form constructive interference patterns that can be 
observed as diffraction peaks. These patterns are governed by Bragg’s law:  
2𝑑 𝑠𝑖𝑛 𝜃 =  𝜆      (5) 
Braggs’ law connects the diffraction angle (θ) and the wavelength (λ) of the source 
radiation to interplanar spacing (d).  A measurement over a suitable angular range gives 
a pattern of diffraction peaks, from which information of the material can be resolved. 
Commonly, diffraction data is used to phase identification. Diffraction peak positions can 
be compared with a database of reference patterns to determine the chemical 
composition and crystalline structure of the measured material. With further data 




structural properties can be obtained.123,124 A schematic drawing of an XRD measurement 
is depicted in Figure 23.  
A powder diffraction scan of 3 % Pd/TiN (<3 μm) and 3 % Pd/TiN (50 nm) were performed 
(X'Pert PRO PANalytical). Samples were prepared by front-loading the catalyst into the 
sample holder. The measurements were done with Cu Kα radiation in the range of 10-90° 
with a step size of 0.052° and a step time of 1.2 s. Measurement data was analysed with 
HighScore software.  
 
Figure 23. Schematic image of an XRD measurement. Reprinted from Toney, M. XRD X-Ray Diffraction. 
In Encyclopedia of materials characterization : surfaces, interfaces, thin films; Brundle, C. R., Evans, C. A., 












3.2.4. Catalytic studies 
 
Catalytic reactions were performed to study the effect of light irradiation on catalyst 
performance. 
 
3.2.4.1. Phenylacetylene hydrogenation 
 
Phenylacetylene reacts in the presence of H2 to form two main reaction products, 
ethylbenzene and styrene (Figure 24). The reaction is used as a model reaction for 
selective alkyne hydrogenation in mild reaction conditions. With two different main 
products, in addition to the total conversion, steering the selectivity of the reaction is also 
a property of interest. Removal of unwanted phenylacetylene and high formation of 
styrene is in the interest of the chemical industry in the styrene fabrication processes.125  
 
Figure 24. Phenylacetylene hydrogenation reaction. 
 
In the reaction procedure, a catalyst was added to a round-bottom flask. A solution of 0.1 
M phenylacetylene in IPA (3 mL) was added. The reaction flask was connected to a glass 
adapter with a connected H2 filled balloon. The connection was sealed with parafilm.  
Reactions performed in dark were wrapped in aluminium foil, and heated reactions were 
immersed in a pre-heated oil bath with controlled temperature. Light reactions were done 
in a light-box attached with a LED lamp (450 nm) (Figure 25). After the reaction time, 
samples from the suspension were taken by syringe and filtered with filter to a gas 






Figure 25. Used light-box with an attached light on a stirring plate. 
 
The concentrations of reagents and products were measured by gas chromatography 
(Shimadzu Nexis GC-2030). Peak areas for phenylacetylene, ethylbenzene, styrene and 
homocoupling products were used. In the first part of the reactions, the reaction was 
optimised to show a small conversion in the dark. The parameters varied in this step were 
reaction temperature and time, the catalyst used (metal loading), catalyst mass, and 
phenylacetylene concentration.  
In the second part were done reactions with comparable light and dark conditions. It was 
observed that the reaction was heated due to light irradiation. The effect of light heating 
was studied on the solvent. A glass vial containing IPA (3 mL) was set to the light-box. A 
thermometer was placed in the solution and sealed with parafilm. The temperature of the 
solvent was observed at set intervals. Catalysts with <3 μm TiN particles were used for 
all phenylacetylene hydrogenation reactions. Phenylacetylene hydrogenation was not 




it difficult to separate them from the liquid phase reliably enough to perform gas 
chromatography.  
 
3.2.4.2. Ammonium borane dehydrogenation 
 
Ammonium borane reacts with water in the following reaction: 
NH3BH3 + H2O → NH4
+B(OH)4
- + 3H2 (g)    
Where 1 mol of ammonium borane produces 3 mol of hydrogen112. It was chosen as a 
studied reaction with a simple approach to see plasmonic enhancement effect on the 
reaction before proceeding to other, possibly more complicated reactions.  
The reaction was followed by capturing the gas formed in the reaction and leading it with 
a tube to an upturned volumetric cylinder immersed in water. The amount of gas in the 
cylinder was followed by the water level in the cylinder.  The reaction set-up is depicted 
in Figure 26.  
After some optimisation, the following procedure was used: 3 % Pd/TiN (50 nm) catalyst 
(5.7 mg) was dispersed in reaction flask with 4 mL of H2O and sonicated (5 min). 
Ammonium borane (10 mg) was dissolved in 1 mL of H2O by shaking in a 2 mL Eppendorf 
tube right before it was added to the reaction flask. The flask was attached to a tube and 










TiN particles were attempted to support on silica to see if the supporting of catalyst would 
be possible with these methods. Supported catalyst is easier to handle in the washing 
steps and make easier the GC sample preparation for catalysts with smaller particle size. 
Two different approaches were used.  
 
3.2.5.1. Dry impregnation 
 
This method was used following a study of Quiroz et al.126 TiN (50nm, 3 mg) was 
dispersed in 5 mL of ethanol. Silica (100 mg) was placed in a petri dish. At a time, approx. 
0.5 mL of the suspension was added on the silica, and the slurry was mixed with a spatula. 
The mix was dried in oven (80 °C, 10 min). This procedure was repeated until all the TiN 






3.2.5.2. Wet impregnation 
 
The approach was adopted from the work of Rodrigues et al.127 TiN (50 nm, 3 mg) was 
dispersed in water (3.5 mL). The formed suspension and silica (100 mg) were stirred in a 
covered beaker at room temperature for 23 h. After stopping the stirring, white particles 
in a dark liquid were observed. It was deduced that dark TiN particles did not attach to 
white silica particles.  
The procedure was repeated, exchanging H2O for ethanol. After the stirring, the 
suspension seemed uniform, but after centrifuging, white particles settled in dark liquid. 
The same was observed with the sample from dry impregnation. It was concluded that 
these methods with tried parameters were not suitable for supporting TiN particles, and 






DRS spectra for <3 μm and 50 nm TiN and 3 % Pd/TiN <3 μm are shown in Figure 27. 
The spectra are normalised at 250 nm. The figure shows a maximum absorption 
presumed to be related to the LSPR excitation at 450 nm for <3 μm TiN particles. The 
absorption maximum for smaller particles is shifted to higher wavelengths. The spectra 
with different sized TiN particles have different shapes, with 50 nm sized particle spectra 
absorption on the right of the maximum not decreasing as rapidly as for TiN <3 μm 
samples. Pd containing catalyst has a slightly damped absorption compared to the pure 
TiN particles. According to these results, blue light (450 nm) was used in phenylacetylene 





Figure 27. DRS spectra of TiN <3 μm, 3% Pd/TiN <3 μm and TiN 50 nm 
 
The measured UV-Vis spectra of samples suspended in water are shown in Figure 28. 
The measurement range was 200-800 nm. The data was normalised to values 0-1 for 
each measurement and then set the lowest point in the area of  450 nm to 0 absorbance. 
Between 20 nm, 50 nm and <3 μm particles, 50 nm TiN particles have the highest 
absorption, with maximum absorption at approximately 680 nm, while 20 nm and <3 μm 
particles have lower absorption and the maximum in the absorption is red-shifted. These 
suspension measurements were used to decide to use red light (640 nm) for ammonium 
borane dehydrogenation reactions. For TiN with different Pd-loadings (all 50 nm TiN 







Figure 28. Normalised UV-Vis spectra of particle suspensions. Left: commercial TiN particles of different 
sizes. Right: 50 nm TiN and Pd/TiN catalysts with varying Pd loading.  
  
Figure 29 presents SEM images of commercial TiN (<3 μm and 50 nm) and synthesised 
3 % Pd/TiN catalysts (<3 μm and 50 nm). <3 μm TiN particles are larger particles with 
uneven surfaces.  The surfaces are less rough in the catalyst image. In catalyst, small 
islands are dispersed on the surfaces; however, they are in small areas close to each 
other. 50 nm TiN consists of small particles. The size distribution is smaller in the 
commercial particles than in the catalyst.  In the 3 % Pd/ TiN 50 nm image, Pd visible in 
the lower-right corner is aggregated to one larger cluster. This data indicates that the Pd 





Figure 29. SEM images of commercial TiN and synthesised 3 % Pd/TiN catalysts ( <3 μm and 50 nm sizes) 
 
Diffractograms for the catalyst samples are presented in Figure 30. ICDD (International 
Centre for Diffraction Data) database was used as a reference. The peaks observed in 
the data were identified as peaks for cubic TiN and cubic Pd. In both diffractograms, peaks 
for TiN are narrow, resembling to high crystallinity of the nitride. Peaks for palladium are 
smaller, corresponding to the much smaller amount of metal in the sample. Small peaks 
prevented analysing the palladium. Especially for the most prominent Pd peaks at 40°, 






Figure 30. Diffractograms for 3 % Pd/TiN (<3 μm) (black) and 3 % Pd/TiN (50 nm) (red). 
 
In MP AES measurements, calibration curves were used to calculate the sample 
concentrations. The procedure for obtaining this with 3% Pd/TiN (50 nm) is presented 
here. For 3 % Pd/TiN (<3µm), a similar treatment was performed in the measurement 
software of the instrument. First, calibration points at each measured emission 
wavelength of concentration against emitted intensity were plotted in graphing software 
(OriginPro 2018b). The plotted points were fitted with a linear fit with a least-square 
method and intercept at 0. The slope of the fit could be used to interpolate at the sample 
emission intensity:  
𝑐𝑜𝑛𝑠𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  𝐴 ∗ 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦     (6) 
A is the slope of the fit. 
Next, Pd concentrations at all four measurement wavelengths for both samples were 




of the fitting can be found in Appendix (Figure A and Table A). The average of the values 
at different wavelengths was considered as the concentration for the single replicate 
sample. These values are 2.08 and 2.95 ppm for sample 1 and 2, respectively. Further, 
these values were converted to the weight-% of the catalyst sample and averaged. 
According to the performed measurements and data treatment, the Pd-loading of 3% 
Pd/TiN (50 nm) was 3.0 %. For the other analysed catalyst (3% Pd/TiN (<3 μm)) the 
measurement and data treated in the measurement software showed a concentration of 
3.69 ppm, which corresponds to 3.0 % Pd-loading of the catalyst.  
 
3.3.2. Catalytic studies 
 
3.3.2.1. Phenylacetylene hydrogenation 
 
GC peak areas were recalculated to conversion and selectivity percentages using a 
calibration series128 (Figure 31). Calibration points were fitted in Microsoft Excel were to 
give the following equation: 
𝑐 =  𝐴 ∗ 𝑝𝑎       (7) 
Where c is concentration, A slope of the fitted line and pa peak area obtained from the 
GC measurement.  
Phenylacetylene conversion was calculated:  
𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%)  =  
𝑐(𝑃𝐴𝑖)−𝑐(𝑃𝐴𝑓)
𝑐(𝑃𝐴𝑖)
∗ 100   (8) 
 
Where 𝑐(𝑃𝐴𝑖) and 𝑐(𝑃𝐴𝑓) are initial and final phenylacetylene concentrations. For 
selectivity calculations: 
𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%)  =  
𝑐(𝑠𝑡𝑦𝑟𝑒𝑛𝑒)
𝑐(𝑃𝐴𝑖)−𝑐(𝑃𝐴𝑓)
∗ 100   (9) 






Figure 31. Calibration curves for analysing GC results of phenylacetylene hydrogenation reactions. 
 
Where 𝑐(𝑠𝑡𝑦𝑟𝑒𝑛𝑒) is the styrene concentration at the end. Similarly, selectivities for 
ethylbenzene and homocoupling products were calculated. Throughout all reactions, the 
amount of measured homocoupling products was negligible. In some reactions, selectivity 
values for styrene or ethylbenzene exceeded 100 %. Therefore, the sum of selectivities 
was normalised to 100 %, and given values are percentages of this sum.  
The optimisation reactions for dark are shown in Appendix (Table B). Suitable, 7 % 
conversion was reached with 1 h reaction time and 0.05 % Pd/TiN catalyst. Figure 32 
shows results for 1 hour and 3-hour reactions in both light and dark. The dark reactions 
were performed at 40 °C to consider the heating caused by the lamp, chosen according 








Figure 32. Comparison of phenylacetylene hydrogenation reactions in the dark and under light irradiation. 
 
Opposite to the expected, the conversion of the dark reactions was higher than in 
reactions performed in light. The selectivity of the reaction did not show any difference 
between light and dark. (Figure 33, A).  The repeatability of the light reaction was studied 
by repeating the 1 h light reaction. A wide variation in results is apparent; conversion for 
the reaction was between 19 – 54 %.  (Figure 33, B). This can originate from poor control 
of the light-box temperature during the light measurement and complicated handling 
during the setting of the light-box reactions. The temperature was shown to affect the 
reactions; however, the results suggest poor repeatability of the system, which cannot be 
explained by the same considerations as in light experiments because neither light nor 
light-box was used.  (Figure 33, C). A complete table of the studied reactions can be found 







Figure 33. A: Selectivity of performed phenylacetylene hydrogenation reactions. B: Repeatability of reaction 
under light irradiation. C: Conversion in dark reactions as a function of the reaction temperature.  
 
Phenylacetylene hydrogenation with 0.5 % Pd/TiN reduced with EtOH and PVP was 
studied. However, the conversion in these reactions was significantly lower than in the 
comparable reactions done with NaBH4 reduced catalyst, and the reproducibility of the 
reactions was low. NaBH4 reduction method was chosen for further studies as the better 
alternative of these two reduction methods. 
 
3.3.2.2. Ammonium borane dehydrogenation 
 
Ammonium borane dehydrogenation reactions in dark and light are presented in Figure 
34 (A). However, the four lamps used significantly increased the temperature of the oil 
bath in which the reactions were performed. The temperature at the end of the reaction 
was 40°C. The dark reaction at this temperature gave results similar to the light reaction. 
Therefore, it was not possible to rule out that the enhancement of gas evolution could be 
caused purely by the increased temperature. No conversion was observed with only 
commercial TiN, which shows Pd is present in the catalyst and is the active catalysing 
material in the reaction. 
In further work, the heating was addressed using fans and stabilising the temperature 
before starting the reaction. The dependence on light intensity on the reaction was studied 




by heating in four-light measurement (31°C). The four-lamp and dark reactions are very 
similar, and the two- lamp reaction was only slightly lower in gas evolution. According to 
the similarity, it seems that the enhancement is only thermal. The measurement set-up 
follows the amount of gas formation in the reaction system. It should be verified that the 
formed gas is hydrogen and not some other gas, for example, water evaporated from the 
reaction due to the heating.  
 
 
Figure 34. Ammonium borane dehydrogenation. A: Effect of the temperature on the reaction. B: Effect of 





Characterisation done with XRD, MP AES and SEM showed Pd clusters were 
successfully reduced on the surfaces of TiN particles. With 3 % metal loading, the 
calculated amount of Pd was obtained in the catalyst. This result can be expected to hold 
to other metal loadings as well.   
Water suspension UV-Vis spectrometry showed an absorption peak in 680 nm, which is 




peak to shift to slightly longer wavelengths. DRS showed absorption in the 450 nm region, 
which is similar to reported by Kaur et al.113  
The difference in maximum absorption in solid and suspension measurements is 
unintuitive, and the reason for that is unclear. In literature, the absorption is more often 
measured from suspensions. However, the medium can affect the absorption peak, and 
some changes can happen in the water suspension. A  future study of reactions with 
different light wavelengths could designate the best wavelength for the lamp used and 
give an insight into any dependence of the reaction rate on the wavelength.  
The performed catalytical reactions showed no enhancement under light irradiation 
caused by the plasmonic properties of TiN. To further study the Pd/TiN catalyst, 
adjustments to the reaction conditions, such as reactant/catalytic metal – ratio, could be 
optimised. Also, some other reactions known to be catalysed with palladium could be 
tested. 
The reproducibility of the catalytical reactions was poor. In both phenylacetylene and 
ammonium borane reactions, the differences between single reactions were more 
significant than the differences between light and dark. Better control of the reaction 
temperature could give more accurate results. 
SEM images showed Pd-islands to cluster. To better the catalyst, the distribution of these 
islands could be optimised. Uneven distribution of the catalysing metal might cause 
differences between the reaction batches. The plasmonic response is a property of 
particles with a size smaller than the incident light wavelength1. It can be speculated that 
the <3 μm size TiN particles used in the catalysts for phenylacetylene hydrogenation were 
too large to have plasmonic activity. However, then the significant absorption of <3 μm 
particles should be then explained differently.  
A property of TiN nanoparticles that was not taken into account in this study, but could 
significantly affect the catalyst performance, is the TiN oxidation. Upon exposure to air, a 
self-passivating layer of TiO2 forms on the TiN particle surface
112. Guler et al. studied 
commercial, 50 nm TiN particles purchased from PlasmaChem, the same size and vendor 




In another study, the effect of TiN particle oxidation on plasmonic properties was studied. 
Barragan et al. prepared TiN nanoparticles with different N/Ti -ratios and showed that the 
particles with low nitrogen content were the most oxidised and showed an LSPR peak 
lower and red-shifted compared to the particles with higher N /Ti -ratio106. The nitrogen-
deficient particles were identified to contain oxynitride. Annealing of the particles in air 
was also studied. Already annealing for 1 h in 150 °C lowered the absorption peak. In 
light of this result, it should be assessed if any changes happen in the Pd/TiN synthesis, 
especially in the drying step. 
The oxidation of the TiN in the prepared catalyst should be studied to better understand 
the system and its plasmonic properties. DRS and suspension spectrophotometry 
measurements show only a slight lowering of the absorption in the synthesised catalyst, 
indicating the plasmonic properties of the material are preserved. The change in 
absorption can also be caused by Pd loading. This result would suggest that the oxidation 
of the nanoparticle core is insignificant for the plasmonic properties. However, the oxide 
layer between TiN and Pd can cause an additional effect on the energy transfer between 
the plasmonic and catalytic parts of the system.  
In their study, Rej et al. suggest the surface layer can be removed from commercial TiN 
particles by acid treatment112. In their work, the Pt/TiN catalyst was prepared and stored 
in a non-oxidating atmosphere; nonetheless, an oxide layer was observed on TiN. Other 
research suggests that the oxidation can be reduced by covering formed TiN 
nanoparticles with a silicon nitride130 or SiO2110 layer. These strategies should also be 
considered, however is unclear if a similar approach would be possible for commercial 




In this work, a Pd/TiN hybrid catalyst was synthesised. Its plasmonic photocatalytic 
properties were compared on model reactions in the dark and under light irradiation in 
phenylacetylene hydrogenation and ammonium borane dehydrogenation. 




expected. However, within the span of the work, no catalytic activity enhancement under 
light irradiation was observed. 
 Further studies with different reaction parameters or reactions should be done to 
understand the system better. Further studies of the catalytic reactions should include: 1) 
assessing more precisely the heating caused by lamps on the reaction system to gain 
repeatable conditions 2) wavelength dependence study of the enhancement 3)  reactions 
with varying the reactant/metal ratio, and possibly 4) study of a different catalytical 
reaction to see if the system performs better with some other transformation and avoid 
problem arising from a specific reaction.  Other considerations should include optimising 
the synthesis of the catalyst to produce high dispersion of Pd on the TiN surfaces and 
confirming that the TiN oxidation is limited to the surface and does not diminish the optical 
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Figure A.  
 














Table A. Data for MP-AES analysis of 3 % Pd/TiN (50 nm), two replicate samples 
 wavelength of  studied emission line (nm)  
Intensities 340.458 342.124 351.694 360.955  
Blank 0 0 0 0  
Standard 1 - - - -  
Standard 2 3147.2 1109.85 773.91 1536.37  
Standard 3 12026.58 4217.76 2854.75 5854.43  
Standard 4 23929.34 8393.44 5700.86 11873.72  
Standard 5 61700.76 21263.07 14455.05 30437.71  
PdTiN 1 23142.24 8102.04 5575.69 11116.85  
PdTiN2 32353.26 11610.59 7948.05 15863.67  
         
Slope          
 8.95808E-05 0.000259 0.000381 0.000182  
concentrations (ppm)         Average 
Pd/TiN 1 2.073100373 2.100122 2.12639 2.01812 2.08 
Pd/TiN2 2.898230913 3.009569 3.031132 2.879843 2.95 




































0 20 0.1 30 60      -    -                               -
3 20 0.1 30 60 100 100  -    
3 4 0.1 30 60 100 100  -    
3 4 0.1 30 40 100 100 - 
3 4 0.1 30 RT 100 100  -    
3 4 0.1 10 RT 100 100 - 
0.5 4 0.1 10 RT 100 100 - 
0.5 1 0.1 10 RT 82 2 98 
0.5 1 0.1 5 RT 98 6 94 
0.5 1 0.1 5 RT 89 12 88 
0.5 1 0.2 5 RT 52 2 98 
0.05 1 0.1 5 40 7 3 97 






Table C. Phenylacetylene hydrogenation reactions.  


















L 13 2 98 




L 20 2 98 




L 22 2 98 




L 19 2 98 




L 39 2 98 




L 63 3 97 




L 54 3 97 




L 93 5 95 




L 89 5 95 
3 10 40 D 91 5 95 
 
